Crystalline structures, zone-center phonon modes, and the related dielectric response of the three lowpressure phases of HfO 2 have been investigated in density-functional theory using ultrasoft pseudopotentials and a plane-wave basis. The structures of low-pressure HfO 2 polymorphs are carefully studied with both the local-density approximation ͑LDA͒ and the generalized gradient approximation. The fully relaxed structures obtained with either exchange-correlation scheme agree reasonably well with experiment, although LDA yields better overall agreement. After calculating the Born effective charge tensors and the force-constant matrices by finite-difference methods, the lattice dielectric susceptibility tensors for the three HfO 2 phases are computed by decomposing the tensors into the contributions from individual infrared-active phonon modes. DOI: 10.1103/PhysRevB.65.233106 PACS number͑s͒: 77.22.Ϫd, 61.66.Ϫf, 63.20.Ϫe, 77.84.Bw Hafnia (HfO 2 ) is technologically important because of its extraordinary high bulk modulus, high melting point, and high chemical stability, as well as its high neutron absorption cross section. HfO 2 resembles its twin oxide, zirconia (ZrO 2 ), in many physical and chemical properties. The resemblance is attributable to the structural similarity between the two oxides, which can in turn be explained by the chemical similarity of Hf and Zr, which have similar atomic and ionic radii ͑i.e., ionic radii for Hf 4ϩ and Zr 4ϩ of 0.78 and 0.79 Å, respectively 1 ͒ as a result of the so-called lanthanide contraction. Under ambient pressure, both oxides are monoclinic (m, space group P2 1 /c) at low temperature, and transform to a tetragonal structure (t, space group P4 2 /nmc) and then to a cubic structure (c, space group Fm3m) as the temperature increases, as illustrated in Fig. 1 .
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High-K metal-oxide dielectrics have recently been the focus of substantial ongoing efforts directed towards finding a replacement for SiO 2 as the gate dielectric in complementary metal-oxide-semiconductor devices. HfO 2 , ZrO 2 , and their SiO 2 mixtures show promise for this purpose. 2, 3 Thus, a systematic theoretical investigation of the structural and dielectric properties of these dielectrics, in both bulk and thin-film form, is clearly desirable. As a first step in this direction, we have, in a previous paper, 4 investigated the bulk structures and lattice dielectric response of ZrO 2 polymorphs. We found that the dielectric responses vary dramatically with the crystal phase. Specifically, we found that the monoclinic phase has a strongly anisotropic lattice dielectric tensor and a rather small orientationally averaged dielectric constant owing to the fact that the mode effective charges associated with the softest modes are relatively weak.
This Brief Report presents the corresponding work on HfO 2 , providing the first thorough theoretical study of the structural, vibrational, and lattice dielectric properties of the HfO 2 phases. Such properties are naturally expected to be similar to those of ZrO 2 in view of the chemical similarities mentioned above. We find that this is generally true, although we also find some significant quantitative differences in some of the calculated properties.
The calculation of the lattice contributions to the static dielectric tensor ⑀ 0 entails the computations of the Born effective charge tensors Z* and the force-constant matrices ⌽.
The Z* tensors, defined via ⌬Pϭ(e/V) ͚ i Z i *•⌬u i , are obtained by finite differences of polarizations ͑P͒ as various sublattice displacements (u i ) are imposed, with the electronic part of the polarizations computed using the Berryphase approach. 5, 6 Here V is the volume of the unit cell, e is the electron charge, and i labels the atom in the unit cell. We then calculate the force-constant matrix, The static dielectric tensor can be decomposed into a contribution ⑀ ϱ arising from purely electronic screening, and the contributions of the IR-active phonon modes, according to 7 
⑀ ␣␤
0 ϭ⑀ ␣␤ ϱ ϩ 4e 2 M 0 V ͚ Z ␣ * Z ␤ * 2 .
͑1͒
Here the
i,␤ are mode effective charges, e is the electron charge, M 0 is a reference mass that we take for convenience to be 1 amu, is the frequency of the th IR-active phonon mode, and V is the volume of the 3-atom, 6-atom, or 12-atom unit cell for cubic, tetragonal, or monoclinic cases, respectively. i,␤ , the eigendisplacement of atom i in phonon mode , is normalized according to
The calculations are carried out within an ultrasoft pseudopotential 8 implementation of density-functional theory with a plane-wave basis and a conjugate-gradient minimization algorithm. The crystal structures of HfO 2 polymorphs are investigated in the local-density approximation ͑LDA͒ as parametrized by Ceperley and Alder 9 as well as in the generalized gradient approximation ͑GGA͒ using Perdew-Burke-Ernzerhof ͑PBE͒ parametrization. 10 We find that LDA yields slightly better agreement with the experimental structures, and we therefore suggest that our LDA results for the dielectric properties are more reliable. The 4s and 4p semicore shells are included in the valence in the Hf pseudopotential, and an energy cutoff of 25 Ry is chosen. A 4ϫ4ϫ4 Monkhorst-Pack k-point mesh is found to provide sufficient precision in the calculations of total energies and forces, and a 4ϫ4ϫ20 k-point sampling is used for calculating the Berry-phase polarization. 5 Each atomic sublattice is displaced in turn along each Cartesian direction by Ϯ0.2% in lattice units, the electronic polarization and HellmannFeynman forces are computed, and Z* and ⌽, are then constructed by finite differences from the results.
Tabulated in Table I are the relaxed structural parameters for the three HfO 2 polymorphs, with the corresponding data for ZrO 2 listed in the last column for comparison. 4 While several structural determinations for m-HfO 2 can be found in the literature, 1, 11 corresponding results for the tetragonal and cubic phases are relatively sparse. 12 Nor has there been much theoretical work on hafnia; most important is the recent work of Ref. 13 which agrees quite well with our results. For m-HfO 2 , the parameters given in Ref. 11 were used as the starting point of our relaxation procedures, while for t-and c-HfO 2 we started the relaxation from the zirconia experimental structures. It can readily be seen that both the LDA and GGA agree reasonably well with the previous work, but that the LDA yields a better overall agreement. Our totalenergy calculations reproduce the correct energetic ordering of the phases ͑monoclinic then tetragonal then cubic͒ using either LDA or GGA.
Our results for the dynamical effective charges are presented in Table II . The symmetry of c-HfO 2 requires that Z* be isotropic on each atom. In t-HfO 2 , the shifting of oxygen atoms creates two different configurations for oxygen atoms ͑denoted O 1 and O 2 ) and introduces off-diagonal elements. Thus, it is more natural to refer to a reference frame xЈ-yЈ-z that is rotated 45°about the ẑ axis from the original Cartesian frame. Z*(O 1,2 ) become diagonal in this frame. In m-HfO 2 , there are two nonequivalent oxygen sites ͑i.e., the threefold and fourfold oxygens, labeled as O 1 and O 2 respectively͒. The crystal structure can then be regarded as composed of three kinds of atoms, namely, Zr, O 1 , and O 2 , which all have equally low symmetry, and their resulting Z* tensors are neither diagonal nor symmetric. The presence of two nonequivalent oxygen atoms with very different environments is reflected in the difference between the Born effec- 4 Of 36 phonon modes predicted for m-HfO 2 , 18 modes (9A g ϩ9B g ) are Raman active and 15 modes (8A u ϩ7B u ) are IR active, the remaining three modes being the zero-frequency translational modes. There are three IR-active modes (A 2u and two E u ) and three Raman-active modes (A 1g , B 1g , and E g ͒ for t-HfO 2 . Only one IR-active mode ͑one T 1u triplet͒ is predicted for c-HfO 2 .
The Raman spectra of m-HfO 2 have been extensively measured experimentally, 14 -17 but the situation is not entirely satisfactory. 16 Issues concerning the number of modes and the mode assignments still remain unresolved, partially because of sample impurities and the broadness and weakness of some observed features. Thus, our ab-initio theoretical calculation can play an important role in establishing the Raman assignments. Table III shows the frequencies of the A g and B g Raman-active modes as calculated in LDA and GGA, together with the observed frequencies from a polarized Raman measurement on a high-quality single crystal. 15 The agreement is generally excellent; the observed Raman shifts mostly fall comfortably in the LDA-GGA range. A later single-crystal ͑but unpolarized͒ Raman spectrum 17 shows almost identical mode frequencies. However, a few details about the The frequencies of the IR-active phonon modes for the three HfO 2 phases are tabulated in Table IV together with the scalar mode effective charges. It can be seen that the frequencies calculated in GGA are shifted to lower frequency by ϳ10-16% relative to the LDA ones, while the mode assignments coincide exactly. As indicated in Eq. ͑1͒, the contribution of a given IR-active mode to the static dielectric constant scales as Z * 2 / 2 , 4 so that one or more lowfrequency modes with large Z *'s are needed to yield a large dielectric constant. As can be seen from Table IV however, the few softest modes (Ͻ300 cm Ϫ1 ) have relatively small Z *'s, while the more active infrared modes come in the intermediate range of the IR spectrum (350-450 cm Ϫ1 ). The general pattern is very similar to the case of ZrO 2 .
The lattice contributions to the dielectric tensors are obtained by summing the second term of Eq. ͑1͒ over all the IR-active modes. Using the LDA we find 
͑The corresponding matrix elements of ⑀ mono latt in the GGA tend to be larger than the LDA results by ϳ18%.͒ When compared with ZrO 2 , the off-diagonal elements of ⑀ mono latt are roughly doubled, while the diagonal elements become smaller. Most surprisingly, the x-y components of ⑀ tetra latt become more than twice as large as for ZrO 2 , while the z component decreases by ϳ28%. We find the isotropic ⑀ cubic latt to be 23.9, somewhat smaller than the value of 31.8 for ZrO 2 . 4 A direct comparison of these dielectric tensors with experiment is not feasible since there are few experimental measurements, especially on the cubic and tetragonal phases. On the other hand, most measurements of which we are aware have been carried out on thin films ͑presumed to be monoclinic͒, and the reported dielectric constants span a wide range of 16 -45. 3, 18, 19 Assuming an isotropic ⑀ ϱ Ӎ5, 4 we obtained orientationally averaged static dielectric constants of 29, 70, and 16 ͑18 in GGA͒ for the cubic, tetragonal, and monoclinic HfO 2 phases, respectively. Our results then agree reasonably well with the more recent results in Ref. 19 ͑thin film ϳ1700 Å) and Ref. 3 ͑ultrathin film Ͻ100 Å) which report ⑀ 0 to be 16 and 20 respectively. The surprisingly high ⑀ 0 measured in other experiments could possibly be explained by the presence of t-HfO2, which is known to be a metastable phase and which might be stabilized by film stress or grain-size effects. 12, 19, 20 In summary, we have investigated here the Born effective charge tensors, zone-centered phonons, and the lattice contributions to the static dielectric tensors for the three HfO 2 phases. It is found that the cubic and tetragonal phases have much larger dielectric response than the monoclinic phase, with an even stronger anisotropy in t-HfO 2 than in t-ZrO 2 . The overall dielectric constants for c-HfO 2 and m-HfO 2 are found to become smaller, while t-HfO 2 has a much greater dielectric constant, than the corresponding values in ZrO 2 . Moreover, our Raman results can be used in resolving the puzzles associated with the Raman spectrum for m-HfO 2 .
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